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ABSTRACT
Though outcomes for pediatric Burkitt lymphoma (BL) have improved significantly 
in recent decades with intensive multi-agent chemotherapy and the addition of 
rituximab, chemotherapy resistance remains a significant impediment to cure 
following relapse. Activation of the PI3K/AKT pathway has been implicated in Burkitt 
lymphomagenesis and increased PI3K/AKT activation has been associated with worse 
outcomes in adults with aggressive B-cell non-Hodgkin lymphoma (B-NHL). Inhibitors 
of the PI3K/AKT pathway have been approved for the treatment of refractory indolent 
B-NHL and continue to be investigated for treatment of aggressive B-NHLs. We 
investigated the activation of the PI3K/AKT pathway in a cell line model of resistant 
BL and the ability to target this pathway with small molecule inhibitors in BL cell 
lines. We found that cell lines resistant to rituximab and chemotherapy exhibited 
increased activation of PI3K/AKT and that inhibition of AKT or PI3K results in in 
vitro anti-lymphoma activity. To investigate the role of PI3K/AKT activation on the 
efficacy of cytotoxic chemotherapy, we exposed cells to inhibitors in combination 
with chemotherapy and noted a synergistic increase in response to chemotherapy. 
Overall these findings highlight the role of PI3K/AKT in chemotherapy resistance in 
BL cells and may represent a tractable therapeutic target.
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INTRODUCTION
Burkitt lymphoma (BL) is an aggressive form of 
B-cell non-Hodgkin lymphoma (NHL) and is the most 
common type of NHL in children. With intense, multi-
agent chemotherapy regimens, survival rates for childhood 
BL have improved significantly in recent decades. 
Currently, greater than 90% of children diagnosed with 
BL are cured of their disease [1, 2]. While highly curable, 
the therapy is quite toxic with high rates of acute toxicity 
including mucositis and infections. Approximately 2% of 
children with BL die from toxic complications of therapy 
[3–5]. In the small percentage of children who develop 
relapsed or refractory disease, the prognosis is much 
grimmer with long term survival achieved in only 20–30% 
of children following further intensified therapy, generally 
including either autologous or allogeneic hematopoietic 
stem cell transplant, necessitating the development 
of novel therapeutic approaches in an attempt to both 
decrease toxicity in up-front therapy and prolong survival 
in relapsed/refractory disease [6–9].
Recent publications have reported on genomic 
alterations observed in BL which contribute to 
lymphomagenesis. Several recurrent abnormalities have 
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been described by our group and others [10–12]. Schmitz 
et al identified genomic abnormalities in sporadic BL cases 
and cell lines [13]. Compared to tumor cells from germinal 
center B-cell (GCB) derived diffuse large B-cell lymphoma 
(DLBCL), BL tumors harbor recurrent mutations that were 
distinct from those seen in GCB DLBCL. Along with 
the expected mutation of the C-MYC proto-oncogene, 
additional recurrent mutations were observed in in the gene 
encoding TCF3 and that of its negative regulator ID3 with 
up to 70% of tumors bearing mutations in one or both of 
the genes suggesting TCF3 may play a vital role in BL 
lymphomagenesis. This was further supported by the lethal 
effects of TCF3 knockdown or ID3 wildtype overexpression 
in BL cell lines. TCF3 was noted to upregulate components 
of the B-cell receptor (BCR) pathway leading to activation 
of the phosphatidylinositol-3-kinase (PI3K) pathway 
through “tonic” non-NF-kB dependent BCR signaling, 
rather than the NF-kB dependent chronic active BCR 
signaling seen in activated B-cell like (ABC) DLBCL, 
potentially through its effects on the phosphatase SHP-1 
which inhibits BCR signaling. Additional data supporting 
the relevance of the PI3K pathway to BL lymphomagenesis 
was reported in a recently developed transgenic mouse 
model and in a proteomic analysis reported by our group 
[14, 15]. In this model, concurrent activation of both 
c-Myc and PI3K was noted to lead to lymphoid tumors that 
morphologically and genetically appear BL-like suggesting 
the coordination of overexpression of Myc and activation of 
PI3K may contribute to development of BL. 
Overexpression of Myc may further contribute to the 
activation of PI3K through the Myc dependent induction of 
microRNAs (miRs) associated with PI3K activation through 
their inhibitory effect on PTEN, in particular the miR17-
92 cluster [16, 17]. Increased expression of Myc-induced 
miRs has been linked to increased relapse risk in childhood 
BL. A genome wide copy number analysis of childhood 
BL samples identified a recurrent gain in the region of 
13q31, which incorporates the MIR17HG locus [18]. These 
samples had higher expression of miR-17 and tended toward 
early relapse. These findings were further validated by a 
second report associating increased expression of miR-17 
with shorter overall survival (OS) [19]. 
With the apparent importance of c-Myc and PI3K 
coordination in BL lymphomagenesis, we investigated 
the activity of inhibitors of the PI3K/Akt/mTOR pathway 
in BL cell lines. Numerous inhibitors of this pathway 
are in clinical development including both narrowly and 
broadly focused inhibitors in addition to dual inhibitors 
of both PI3K and mTOR. The more targeted inhibitor 
of the delta isoform of PI3K, idelalisib, has already 
gained regulatory approval for the treatment of relapsed 
chronic lymphocytic leukemia (CLL), small lymphocytic 
lymphoma (SLL) and follicular lymphoma (FL). In our 
current contribution, inhibition of the PI3K/Akt/mTOR 
pathway was investigated in a panel of BL cell lines 
including cell lines that exhibit a high degree of resistance 
to both chemotherapy and anti-CD20 immunotherapy.
RESULTS
With reported evidence of increased Akt activation 
having a potential impact on survival in B-cell NHL 
[20–23], we initially characterized the Akt activation in 
our sensitive and resistant Raji cell lines. On Western blot 
analysis of p-Akt expression, rituximab-chemotherapy 
sensitive Raji cells exhibited lower p-Akt expression 
when compared to the rituximab-chemotherapy resistant 
Raji 2R and Raji 4RH cell lines (Figure 1A). Similar 
findings were observed using phospho-flow cytometry, 
where an approximately 2 fold increase in p-Akt was 
observed in the resistant Raji cell lines (Figure 1B and 
Supplementary Figure 1). In order to further evaluate the 
activation of Akt in these cell lines, the phosphorylation 
status of downstream targets of Akt was also determined 
using Western blotting (Supplementary Figure 2). In the 
resistant cell lines, multiple targets of Akt demonstrated 
a pattern of increased phosphorylation in the resistant 
cell lines (Figure 1C). Additionally, in a previously 
reported phosphoproteomic analysis of parental Raji 
cells compared to rituximab-chemotherapy resistant Raji 
4RH cells, the B-cell receptor pathway was one of the top 
pathways with significant differential phosphorylation 
including differential phosphorylation of several proteins 
both up and downstream of PI3K and Akt associated with 
PI3K/Akt pathway activation (Figure 1D). These findings 
indicated a possible role of increased activation of the 
PI3K/Akt/mTOR pathway in the chemotherapy resistance 
observed in our resistant BL cells suggesting that targeting 
this pathway may be therapeutically relevant in BL. 
With Akt being central to activity of the PI3K/Akt/
mTOR pathway, we initially investigated the effect of 
direct Akt inhibition with the pan-Akt inhibitor MK-2206. 
Burkitt cell lines were exposed to MK-2206 over a range 
of concentrations and durations. Direct inhibition of Akt 
by MK-2206 resulted in a decrease in cellular proliferation 
exhibited in AlamarBlue assays of cell viability compared 
to control (Figure 2). While a decrease in cell proliferation 
was observed, determination of apoptosis induction 
by western blot for cleaved PARP indicated that Akt 
inhibition by MK-2206 was not leading to significant 
apoptosis induction as a single agent in any of the Raji 
cell lines; though a modest increase in PARP cleavage 
was noted in Ramos cells indicating that this was likely a 
primarily anti-proliferative effect (Figure 3A). 
In order to investigate the hypothesis that 
PI3K/AKT/mTOR pathway activation contributes to 
chemotherapy resistance, we investigated targeting 
AKT either via siRNA knockdown or with MK-2206 in 
combination with chemotherapeutic agents (Figure 3). 
Following AKT knockdown, cells were resuspended 
in fresh medium and cell proliferation and viability 
were determined after 72 hours using Trypan blue. A 
decrease in cell proliferation and viability was noted in 
knockdown cells as compared to cells transfected with 
a control scramble siRNA. This was particularly noted 
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in the Raji 4RH cells with a decreased number of cells 
(scramble vs siRNA: 0.41 × 106 vs 0.12 × 106 cells/mL) 
and viability (82% vs 62%). Following demonstration of 
Akt knockdown by Western blot, an Alamar Blue assay 
was performed after 48 h of incubation with doxorubicin. 
In Raji Akt KD cells, a modest increase in response to 
doxorubicin was noted with a decrease in viability of 
KD cells compared to controls (27% vs 19%, p < 0.03) 
(Figure 3A). When BL cell lines were exposed to both 
MK-2206 and chemotherapy, significant increases in 
chemotherapy activity were noted. In particular, the 
combination of MK-2206 with doxorubicin (CI values 
0.4–0.7) (Figure 3C) or dexamethasone (CI values 0.3–0.8) 
(Figure 3D) resulted in significant synergistic reductions in 
viable cells in AlamarBlue assays when compared to either 
single agent exposure after normalization to vehicle treated 
control, as determined using the Chou-Talalay method. 
Additionally, while single agent MK2206 exposure did not 
result in significant induction of apoptosis as measured by 
western blot for PARP cleavage, a synergistic increase in 
cleaved PARP was noted in combinations of MK-2206 and 
doxorubicin in both Raji and Ramos cell lines (Figure 3B). 
In the resistant Raji 4RH cells, however, there was still no 
significant indication of apoptosis induction. This is likely 
related to the highly impaired apoptotic machinery in these 
resistant cell lines, also previously described. 
To further investigate the role of PI3K/Akt/
mTOR pathway inhibition in BL, additional experiments 
were performed with the PI3K-delta isoform specific 
inhibitor idelalisib, which is already FDA approved for 
relapsed/refractory CLL/SLL and FL. Similar to MK-
2206, a decrease in BL cell viability was noted with 
increasing concentrations of idelalisib while Idelalisib 
exposure also resulted in dose-dependent cell cycle 
arrest leading to a significant accumulation of cells 
primarily in G1, though with significant G2/M arrest 
also noted in resistant Raji 4RH cells (Figure 4C and 
Supplementary Figure 3). The concentrations required 
to achieve activity in the BL cell lines tested was well 
into the  μM range with IC50 concentrations ranging 
from 50–300 μM after a 48 h exposure (Figure 4A). At 
concentrations at or exceeding the IC50 concentration, 
idelalisib did result in induction of apoptosis in all 
cell lines, though to a significantly lesser degree in the 
resistant Raji 4RH cells (Figure 4B and Supplementary 
Figure 4). Inhibition of PI3K-delta with idelalisib inhibited 
downstream pathway activation as exhibited by decreases 
in the phosphorylation of downstream targets including 
pS6 and pGSK3B by western blotting (Figure 4D). 
Though idelalisib required high concentrations to 
demonstrate single agent anti-proliferative activity, 
lower concentrations of idelalisib when combined with 
Figure 1: Chemotherapy resistant BL cell lines exhibit an increase in Akt activation. Raji 2R and Raji 4RH cell lines derived 
from the BL Raji cell line demonstrate an increase in Akt phosphorylation by (A) Western blot and (B) phosphoflowcytometry indicating 
increased activation of the PI3K/Akt pathway. (C) Proteins up and downstream from AKT in the B-cell receptor and PI3K/AKT pathways 
are differentially phosphorylated in Raji 2R and Raji 4RH cells compared to parental Raji cells on Western blotting. (D) Phosphoproteomic 
analysis identified the B cell receptor signaling pathway as one of the top differentially phosphorylated pathways in Raji 4RH cells with 
several targets of AKT exhibiting increased phosphorylation. Error bars represent 95% confidence intervals. (^P-value < 0.03).
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Figure 2: Inhibition of Akt by the inhibitor MK-2206 leads to a decrease in cellular viability in a panel of BL cell lines. 
(A) The BL cell lines Raji, Raji 2R, Raji 4RH, Ramos and Daudi were exposed to escalating concentrations of MK2206 for 48 hours and 
exhibited a dose dependent decrease in viable cells. (B) IC50 concentrations at 48 hours. Error bars represent 95% confidence intervals.
Figure 3: Knockdown of AKT or inhibition of AKT by MK2206 leads to an increase in response to cytotoxic 
chemotherapy. (A) Akt knockdown by siRNA led to a decrease in Raji cell viability following 48 hour exposure to doxorubicin. (B) BL 
cell lines were exposed to MK2206 alone or in combination with doxorubicin for 48 hours and apoptosis was measured by Western blot 
for cleaved PARP. Raji and Ramos cells exhibited little apoptosis following exposure to MK2206 alone however a synergistic increase in 
PARP cleavage was noted with the combination treatment. In vitro exposure to MK2206 and (C) doxorubicin or (D) dexamethasone leads 
to a synergistic decrease in cell viability in BL cell lines. Error bars represent 95% confidence intervals. (^p < 0.05. M = MK2206, D = 
Doxorubicin, Dex = Dexamethasone).
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dexamethasone led to a synergistic induction of apoptosis, 
in particular in the relatively more sensitive Ramos and 
Daudi cell lines (Figure 5A and Supplementary Figure 5). 
Western blots also demonstrated a synergistic induction 
of PARP cleavage in Raji cells treated with idelalisib and 
dexamethasone (Figure 5B). This correlated with changes 
in expression of Bcl-2 family proteins including an increase 
in pro-apoptotic Bax and Bak and a decrease in anti-
apoptotic MCL-1 leading to an overall more pro-apoptotic 
pattern of Bcl-2 family protein expression (Figure 5C). 
DISCUSSION
BL is an aggressive form of B-NHL that is 
highly curable with intensive multi-agent chemoi-
mmunotherapeutic regimens [24–26]. Our group and 
others have reported that recurrent genetic abnormalities 
have been observed in children with BL including the 
critical importance of the PI3K/Akt/mTOR pathway 
in Burkitt lymphomagenesis [10, 12–14, 18, 19, 27]. 
Inhibitors of this pathway continue to be investigated in 
adult lymphoma with most success noted in more indolent 
lymphoma sub-types. Activity of idelalisib in adults with 
DLBCL has been very limited. 
In our preclinical testing, we demonstrated that, in 
our cell line model of resistant BL, the PI3K/AKT/mTOR 
pathway appears to exhibit increased activation. Targeting 
either AKT or PI3K with pharmacological inhibitors led to 
primarily an anti-proliferative effect in a panel of Burkitt cell 
lines with the majority of activity noted at concentrations 
in the high  μM range. In general these concentrations 
exceed the peak plasma concentrations noted in phase 
1 pharmacokinetic studies of these agents in humans 
[28, 29]. This limited in vitro activity at biologically relevant 
concentrations may relate to the lack of activity noted in 
single agent trials of idelalisib in aggressive B-cell NHLs. 
However, at concentrations below those leading to 
single agent activity, there was noted to be an increase in 
apoptosis induction in response to chemotherapy exposure 
in combination with inhibition of AKT or PI3K. In a report 
Figure 4: Inhibition of PI3K-delta isoform by idelalisib leads to decreased proliferation and induction of apoptosis in 
BL cell lines. (A) In vitro exposure to idelalisib for 24 or 48 hours leads to a dose- and time-dependent decrease in BL cell viability and 
(B) induction of apoptosis after 48 hours of exposure. (C) Decreased proliferation is associated with an arrest in G1 or G2/M phase of the 
cell cycle after a 48 hour exposure to idelalisib. (D) Idelalisib exposure leads to decreased phosphorylation of downstream targets. Error 
bars represent 95% confidence intervals. (*p < 0.01, ^p < 0.05).
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from the Bonavida laboratory, the PI3K/Akt pathway was 
previously noted to be involved in chemosensitization 
observed following exposure of BL cell lines to the anti-
CD20 monoclonal antibody rituximab [30]. While this 
previous report implicated a decrease in the anti-apoptotic 
Bcl-xL protein, we did not observe such a decrease 
following PI3K inhibition with idelalisib, though we did 
note changes in expression of other Bcl-2 family proteins 
including the pro-apoptotic Bax and Bak proteins likely 
leading to a similar alteration in apoptotic potential 
following PI3K inhibitor exposure [31]. The possible 
contribution of increased AKT activation to resistance to 
rituximab in DLBCL has also been suggested [32]. The 
interaction of BCL-2 family regulators of apoptosis and 
activity of the PI3K/AKT/mTOR pathway has been further 
highlighted by the synergistic activity of BH3 mimetic 
agents in combination with inhibition of the PI3K/
AKT/mTOR pathway with findings of altered MCL-1 
and BAX expression following inhibition of PI3K/AKT/
mTOR, similar to our results reported here, associated 
with increased activity of the BCL-2 inhibitor ABT-199 
[31, 33, 34]. Additionally, the PI3K/Akt/mTOR pathway 
has been reported to play a central role in the activity of 
a variety of targeted therapeutic agents under pre-clinical 
investigation in aggressive B-cell NHL, in many cases 
through alterations in BCL-2 family protein expression 
[35–38].
While single agent inhibition of PI3K has 
demonstrated promise in targeting B-NHL, the 
investigation of agents targeting the PI3K/AKT/mTOR 
pathway with enhanced activity has also led to the 
development of numerous inhibitors more broadly 
targeting PI3K (compared to the delta isoform specific 
idelalisib) or targeting both up- and down-stream targets 
in the pathway, such as through dual targeting inhibitors of 
PI3K and mTOR. Such agents have exhibited pre-clinical 
and clinical activity expanding the repertoire of agents 
targeting this pathway [39–43].
Though PI3K inhibitors have led to limited single 
agent activity in aggressive adult B-cell lymphomas, 
considering the data suggesting synergistic activity of 
PI3K/AKT/mTOR inhibition, a more rational application 
may be in the setting of combination therapy along 
with cytotoxic chemotherapy or other targeted agents. 
A potential area of concern in regards to the use of 
agents targeting this pathway is an apparent high rate of 
Figure 5: Exposure to idelalisib increases induction of apoptosis in response to cytotoxic chemotherapy. (A) BL cells 
exposed to idelalisib and dexamethasone for 48 hours exhibit synergistic induction of apoptosis as measured by flow cytometry for 
Annexin V and propidium iodide staining in BL Ramos and Daudi cells, but no apoptosis induction in Raji or Raji 4RH cells in vitro. 
(B) PI3K inhibition by idelalisib leads to synergistic induction of PARP cleavage when combined with dexamethasone in Raji cells and 
when combined with dexamethasone or doxorubicin in Daudi cells. (C) Idelalisib exposure leads to altered expression of Bcl-2 family 
regulators of apoptosis. (Dex = Dexamethasone, Dox = Doxorubicin).
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toxicities, including potentially serious gastrointestinal, 
hepatic and pulmonary toxicities, that have been observed 
in adult patients being treated with idelalisib or the 
Bruton’s tyrosine kinase inhibitor ibrutinib, in particular 
when utilized in combination with other therapeutic 
agents [44, 45]. This may impair the ability to combine 
these agents with the types of chemotherapy agents 
typically used in treating BL. Additionally, despite the 
dismal prognosis for such patients, the rarity of childhood 
relapsed/refractory BL along with the sheer number of 
available agents currently under investigation in adults 
(including numerous agents targeting the PI3K/Akt/mTOR 
pathway) complicates the choice of which agents to pursue 
clinically, making the establishment of biological rationale 
critical to future clinical investigation of novel therapies in 
pediatric B-NHL.
In summary, targeting PI3K appears to have 
biological relevance in BL and in vitro targeting of the 
PI3K/Akt/mTOR pathway in models of BL exhibits 
promising pre-clinical activity validating further pursuit 
of novel therapeutic agents targeting this pathway in 
BL. Though initial clinical trials of idelalisib in adults 
with DLBCL have been less promising, the activity of 
narrow versus broad inhibition of PI3K, further upstream 
inhibition with inhibitors of the B-cell receptor or dual 
inhibition of both up and downstream targets within the 
pathway also continue to be investigated and may hold 
additional promise of clinical efficacy, while observed 
toxicity continues to be a potential limiting factor to 
incorporation of these agents to the intense chemotherapy 
regimens generally used in treating aggressive childhood 
B-NHLs and needs to be further characterized.
MATERIALS AND METHODS
Cell lines and culture
BL cell lines were used for the experiments 
including Raji, Ramos and Daudi and were purchased 
from American Type Culture Collection (ATCC, 
Manassas, VA, USA). Rituximab resistant cell lines Raji 
2R and Raji 4RH were created and characterized from 
parental Raji cells as previously described [46, 47]. All 
cell lines were maintained in RPMI 1640 with Glutamax-1 
(Invitrogen, Karlsruhe, Germany) supplemented with 
10% heat-inactivated fetal bovine serum (FBS), HEPES 
(5 mmol/l), penicillin and streptomycin at 100 IU/ml and 
sodium pyruvate 1 mmol/l. 
Reagents and antibodies
The AKT inhibitor (MK-2206) and the PI3K-
delta inhibitor (idelalisib) were purchased from Selleck 
Chemicals (Houston, TX, USA). Cisplatin was purchased 
from American Pharmaceutical Partners (Schaumburg, 
IL, USA). Doxorubicin was obtained from Bedford Labs 
(Bedford, OH, USA) and dexamethasone was provided by 
the Roswell Park Cancer Institute (RPCI) Pharmacy. 
Primary mouse anti-human antibodies raised 
against BAK, BAX, BCL-XL, MCL-1, PARP, AKT, 
p-AKT, GSK3B, p-GSK3B, S6, p-S6, PDK1, p-PDK1, 
p27, p21, BAD, p-BAD, 4-EBP1, p-4-EBP1 and actin 
were purchased from Cell Signaling Technologies 
(Danvers, MA, USA). Alkaline phosphatase (AP) 
or horseradish peroxidase (HRP) conjugated anti-
mouse secondary antibodies were purchased from 
Jackson ImmunoResearch (West Grove, PA, USA). 
Ficoll-Hypaque was purchased from Sigma-Aldrich 
Inc. (St. Louis, MO, USA). Sodium chromate51 (51Cr) 
(Perkin-Elmer Life Inc., Boston MA) was utilized in 
immunological assays assessing antibody-dependent 
cellular cytotoxicity (ADCC) and complement mediated 
cytotoxicity (CMC). Triton X-100, trypan blue and 
histopaque-1077 were obtained from Sigma-Aldrich Inc. 
(St Louis, MO). Cell Titer-Glo Luminescent Viability 
Assay reagent was purchased from Promega (Madison, 
WI, USA). PrestoBlue cell proliferation assay reagent 
was purchased from (Invitrogen, Grand Island, NY, 
USA). AKT siRNA (ON-TARGET plus Smart Pool 
siRNA) was purchased from Dharmacon (Lafayette, 
CO, USA). 
Transient siRNA AKT knockdown
A transient AKT siRNA knockdown was performed 
in Raji and Raji 4RH cells. Cells were cultured in 
RPMI1640 with 10% HIFBS at 37° C in 5% CO2. Cells 
were passaged 3 days before experimental start and in 
log rhythmic growth phase. 2 × 106 cells were pelleted, 
washed and combined with 100uL Amaxa Nucleofector 
Solution (Lonza, Walkersville MD, USA) and then 
transferred to an Amaxa cuvette where siRNA was added 
at a concentration of 300 nM/sample. Samples were then 
electroporated using Amaxa Nucleofector Devise (Lonza, 
Walkersville MD, USA) using the M-13 protocol. After 
electroporation cells were transferred back into media and 
allowed to recover and presence of siRNA knockdown 
was detected via western blot.
Phosphoproteomic analysis
Mass spectrometry-based label-free quantitative 
phosphoproteomic profiling of the BL cell lines Raji 
and Raji4RH was performed as previously described 
[48, 49]. Briefly, six milligrams of protein from each cell 
line were digested by trypsin and peptides were subjected 
to phosphopeptide enrichment using metal oxide affinity 
chromatography (MOAC) and immunoprecipitation. An 
LTQ Orbitrap XL in-line with a Paradigm MS2 HPLC 
was employed for acquiring high-resolution MS and MS/
MS data that were searched with the Swissprot Human 
taxonomic protein database. 
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Changes in expression of PI3K/Akt target proteins 
and Bcl-2 family members by Western blot 
Following relevant drug exposure to PI3K/Akt 
inhibitors for 24 hours, cells were lysed with a RIPA 
buffer containing 2 mM PMSF, 1 μg/ml of leupeptin, 
1 μg/ml pepstatin and 1 μg/ml aprotinin. After 
solubilization at 4° C × 60 minutes, nuclei and debris 
were pelleted at 10,000 rpm for 30 minutes. Protein was 
quantified using Opsys MR (Thermo LabSystems Inc., 
Beverly, MA, USA). Lysates were prepared with equal 
amount of protein, distilled water and 4× laminar buffer. 
Lysate was loaded onto a 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and 
transferred onto a nitrocellulose membrane using iBLOT 
(Invitrogen Technologies, Grand Island, NY, USA). The 
membrane was blocked for a minimum of 1 hour with 
5% milk in PBS and then incubated at 4° C overnight 
with antibodies directed against proteins of interest. After 
adding the appropriate AP- or HRP-conjugated secondary 
antibody, detection was performed using enhanced 
chemiluminescence visualization system (ECL, plus, 
Amersham Life Sciences, Arlington Heights, IL, USA). 
Western blots were performed on three occasions and 
representative results are depicted.
In vitro effects of PI3K pathway inhibition on the 
viability of BL cell lines 
Cell lines were exposed to escalating doses of MK-
2206 (1–50 uM) or idelalisib (0.1–400 μM) or vehicle 
control (DMSO) for 48 hours. Cells were plated at a cell 
density of 0.25 × 106 cells/ml in 96 or 384 well plates and 
at each time period 20 μL of Alamar blue was added to 
each well and then incubated for 2 additional hours. Cell 
proliferation was determined as the change in Alamar blue 
reduction by living cells and measured using a Fluoroskan 
Ascent LF (Thermo Fisher Scientific, Barrington, IL, USA). 
In vitro effects of MK-2206 or idelalisib on the anti-
tumor activity of chemotherapy agents 
BL cells were placed in 384 well plates (1 × 105 
cells/well, cell density of 0.5 × 106 cells/ml) and exposed 
to idelalisib (1–50 uM) and/or escalating doses of cisplatin 
(0–60 μM), doxorubicin (0–10 nM), vincristine (0–1 nM) 
or dexamethasone (1–100 uM). The cells were then 
incubated at 37° C and 5% CO2 for 48 hours and changes 
in ATP levels as surrogate marker of viability, was 
measured using the CellTiter Glo luminescence assay. 
Values for exposures were normalized to vehicle treated 
control for each cell line tested.
Cell cycle progression of BL cells exposed to MK-2206 
or idelalisib 
Propidium iodide (PI) nuclear staining was utilized 
to determine the cell-cycle fractions (Sigma-Aldrich, St. 
Louis, MO, USA). Briefly, cells were exposed idelalisib 
(1, 10, 50 or 100 μM) or DMSO control for 48 hours and 
subsequently harvested, washed three times in PBS, fixed 
in 70% ethanol for 30 minutes on ice and then incubated 
in a PBS/ribonuclease solution for 30 minutes at 37° C 
(1mL PBS & 10 μM ribonuclease). Data was collected 
on a FACSCalibur flow cytometer (BD Biosciences; San 
Jose, CA, USA) and analyzed with Mod Fit LT Version 3.2 
software (Verity Software House, Topsham, ME, USA). 
Results represent the mean value of three independent 
experiments. 
Determination of apoptosis induction in BL cell lines 
exposed to MK2206 or idelalisib 
Cell lines were exposed to MK2206 or idelalisib for 
48 hours in a 6 well plate at 0.5 × 106 cells/ml. Apoptosis 
was analyzed using Western blotting (as above) using 
anti-PARP antibody and/or flow cytometry by Annexin 
V-propidium iodide staining.
Statistics
Graphic analysis was performed using IBM SPSS 
21. Significance was determined using a student’s T test. 
Synergy in combination experiments was determined 
by the Chou-Talalay method using CalcuSyn software 
and reported as Combination Index (CI) with values 
<0.9 indicating synergy and values >1.1 indicating 
antagonism.
Author contributions 
M.B., T.I. and C.M. performed experiments and 
analyzed data. J.G. analyzed data and critically reviewed 
the manuscript. M.S.C and M.L. performed experiments 
and analyzed data relating to phosphoproteomic 
experiments. F.H-I. critically reviewed the manuscript. 
M.J.B. designed the experiments, performed experiments, 
analyzed data and wrote the manuscript.
ACKNOWLEDGMENTS
This work was supported by grants from the 
St. Baldrick’s Foundation (M.J.B), Hyundai Hope on 
Wheels (M.J.B), the Pediatric Cancer Research Foundation 
(M.S.C) and Roswell Park Comprehensive Cancer Center 
and National Cancer Institute (NCI) grant P30CA016056.
CONFLICTS OF INTEREST 
The authors listed in this paper certify that 
they have no affiliations with or involvement in any 
organization or entity with any financial interest (such as 
honoraria; educational grants; participation in speakers’ 
bureaus; membership, employment, consultancies, stock 
ownership, or other equity interest; and expert testimony 
Oncotarget21828www.oncotarget.com
or patent-licensing arrangements), or non-financial interest 
(such as personal or professional relationships, affiliations, 
knowledge or beliefs) in the subject matter or materials 
discussed in this manuscript.
REFERENCES
1. El-Mallawany NK, Cairo MS. Advances in the diagnosis 
and treatment of childhood and adolescent B-cell non-
Hodgkin lymphoma. Clin Adv Hematol Oncol. 2015; 
13:113–23. 
2. Pinkerton R, Cairo MS, Cotter FE. Childhood, adolescent 
and young adult non-Hodgkin lymphoma: state of the 
science. Br J Haematol. 2016; 173:503–4. https://doi.
org/10.1111/bjh.14091.
 3. Patte C, Philip T, Rodary C, Bernard A, Zucker JM, Bernard 
JL, Robert A, Rialland X, Benz-Lemoine E, Demeocq F, 
Bayle C, Lemerie J. Improved survival rate in children 
with stage III and IV B cell non-Hodgkin’s lymphoma 
and leukemia using multi-agent chemotherapy: results of a 
study of 114 children from the French Pediatric Oncology 
Society. J Clin Oncol. 1986; 4:1219–26. 
 4. Reiter A, Schrappe M, Tiemann M, Ludwig WD, Yakisan 
E, Zimmermann M, Mann G, Chott A, Ebell W, Klingebiel 
T, Graf N, Kremens B, Muller-Weihrich S, et al. Improved 
treatment results in childhood B-cell neoplasms with 
tailored intensification of therapy: A report of the Berlin-
Frankfurt-Munster Group Trial NHL-BFM 90. Blood. 1999; 
94:3294–306. 
 5. Patte C, Auperin A, Michon J, Behrendt H, Leverger 
G, Frappaz D, Lutz P, Coze C, Perel Y, Raphael M, 
Terrier-Lacombe MJ. The Societe Francaise d’Oncologie 
Pediatrique LMB89 protocol: highly effective multiagent 
chemotherapy tailored to the tumor burden and initial 
response in 561 unselected children with B-cell lymphomas 
and L3 leukemia. Blood. 2001; 97:3370–9. 
 6. Cairo MS, Gerrard M, Sposto R, Auperin A, Pinkerton CR, 
Michon J, Weston C, Perkins SL, Raphael M, McCarthy 
K, Patte C. Results of a randomized international study 
of high-risk central nervous system B non-Hodgkin 
lymphoma and B acute lymphoblastic leukemia in children 
and adolescents. Blood. 2007; 109:2736–43. https://doi.
org/10.1182/blood-2006-07-036665.
 7. Attarbaschi A, Dworzak M, Steiner M, Urban C, Fink FM, 
Reiter A, Gadner H, Mann G. Outcome of children with 
primary resistant or relapsed non-Hodgkin lymphoma and 
mature B-cell leukemia after intensive first-line treatment: 
a population-based analysis of the Austrian Cooperative 
Study Group. Pediatr Blood Cancer. 2005; 44:70–6. https://
doi.org/10.1002/pbc.20121.
 8. Atra A, Gerrard M, Hobson R, Imeson JD, Hann IM, 
Pinkerton CR. Outcome of relapsed or refractory childhood 
B-cell acute lymphoblastic leukaemia and B-cell non-
Hodgkin’s lymphoma treated with the UKCCSG 9003/9002 
protocols. Br J Haematol. 2001; 112:965–8. 
 9. Satwani P, Jin Z, Martin PL, Bhatia M, Garvin JH, George 
D, Chaudhury S, Talano J, Morris E, Harrison L, Sosna J, 
Peterson M, Militano O, et al. Sequential myeloablative 
autologous stem cell transplantation and reduced intensity 
allogeneic hematopoietic cell transplantation is safe and 
feasible in children, adolescents and young adults with 
poor-risk refractory or recurrent Hodgkin and non-Hodgkin 
lymphoma. Leukemia. 2015; 29:448–55. https://doi.
org/10.1038/leu.2014.194.
10. Schmitz R, Ceribelli M, Pittaluga S, Wright G, Staudt 
LM. Oncogenic mechanisms in Burkitt lymphoma. Cold 
Spring Harb Perspect Med. 2014; 14:a014282. https://doi.
org/10.1101/cshperspect.a014282.
11. Deffenbacher KE, Iqbal J, Sanger W, Shen Y, Lachel C, Liu 
Z, Liu Y, Lim MS, Perkins SL, Fu K, Smith L, Lynch J, 
Staudt LM, et al. Molecular distinctions between pediatric 
and adult mature B-cell non-Hodgkin lymphomas identified 
through genomic profiling. Blood. 2012; 119:3757–66. 
https://doi.org/10.1182/blood-2011-05-349662.
12. Lee S, Day NS, Miles RR, Perkins SL, Lim MS, Ayello 
J, van de Ven C, Harrison L, El-Mallawany NK, Goldman 
S, Cairo MS. Comparative genomic expression signatures 
of signal transduction pathways and targets in paediatric 
Burkitt lymphoma: a Children’s Oncology Group report. 
Br J Haematol. 2017; 177:601–11. https://doi.org/10.1111/
bjh.14604.
13. Schmitz R, Young RM, Ceribelli M, Jhavar S, Xiao W, 
Zhang M, Wright G, Shaffer AL, Hodson DJ, Buras 
E, Liu X, Powell J, Yang Y, et al. Burkitt lymphoma 
pathogenesis and therapeutic targets from structural and 
functional genomics. Nature. 2012; 490:116–20. https://doi.
org/10.1038/nature11378.
14. Sander S, Calado DP, Srinivasan L, Kochert K, Zhang 
B, Rosolowski M, Rodig SJ, Holzmann K, Stilgenbauer 
S, Siebert R, Bullinger L, Rajewsky K. Synergy between 
PI3K signaling and MYC in Burkitt lymphomagenesis. 
Cancer Cell. 2012; 22:167–79. https://doi.org/10.1016/j.
ccr.2012.06.012.
15. El-Mallawany NK, Day N, Ayello J, Van de Ven C, Conlon 
K, Fermin D, Basrur V, Elenitoba-Johnson K, Lim M, 
Cairo MS. Differential proteomic analysis of endemic and 
sporadic Epstein-Barr virus-positive and negative Burkitt 
lymphoma. Eur J Cancer. 2015; 51:92–100. https://doi.
org/10.1016/j.ejca.2014.10.017.
16. He L, Thomson JM, Hemann MT, Hernando-Monge E, 
Mu D, Goodson S, Powers S, Cordon-Cardo C, Lowe SW, 
Hannon GJ, Hammond SM. A microRNA polycistron as a 
potential human oncogene. Nature. 2005; 435:828–33. 
17. Mu P, Han YC, Betel D, Yao E, Squatrito M, Ogrodowski P, 
de Stanchina E, D’Andrea A, Sander C, Ventura A. Genetic 
dissection of the miR-17~92 cluster of microRNAs in Myc-
induced B-cell lymphomas. Genes Dev. 2009; 23:2806–11. 
18. Schiffman JD, Lorimer PD, Rodic V, Jahromi MS, 
Downie JM, Bayerl MG, Sanmann JN, Althof PA, Sanger 
WG, Barnette P, Perkins SL, Miles RR. Genome wide 
Oncotarget21829www.oncotarget.com
copy number analysis of paediatric Burkitt lymphoma 
using formalin-fixed tissues reveals a subset with gain 
of chromosome 13q and corresponding miRNA over 
expression. Br J Haematol. 2011; 155:477–86. https://doi.
org/10.1111/j.1365-2141.2011.08883.x.
19. Robaina MC, Faccion RS, Mazzoccoli L, Rezende LM, 
Queiroga E, Bacchi CE, Thomas-Tikhonenko A, Klumb 
CE. miR-17-92 cluster components analysis in Burkitt 
lymphoma: overexpression of miR-17 is associated with 
poor prognosis. Ann Hematol. 2016; 95:881–91. https://doi.
org/10.1007/s00277-016-2653-7.
20. Xu ZZ, Xia ZG, Wang AH, Wang WF, Liu ZY, Chen LY, Li 
JM. Activation of the PI3K/AKT/mTOR pathway in diffuse 
large B cell lymphoma: clinical significance and inhibitory 
effect of rituximab. Ann Hematol. 2013; 92:1351–8. https://
doi.org/10.1007/s00277-013-1770-9.
21. Hasselblom S, Hansson U, Olsson M, Toren L, Bergstrom A, 
Nilsson-Ehle H, Andersson PO. High immunohistochemical 
expression of p-AKT predicts inferior survival in 
patients with diffuse large B-cell lymphoma treated with 
immunochemotherapy. Br J Haematol. 2010; 149:560–8. 
https://doi.org/10.1111/j.1365-2141.2010.08123.x.
22. Hong JY, Hong ME, Choi MK, Kim YS, Chang W, Maeng 
CH, Park S, Lee SJ, Do IG, Jo JS, Jung SH, Kim SJ, Ko 
YH, et al. The impact of activated p-AKT expression on 
clinical outcomes in diffuse large B-cell lymphoma: a 
clinicopathological study of 262 cases. Ann Oncol. 2014; 
25:182–8. https://doi.org/10.1093/annonc/mdt530.
23. Wang J, Xu-Monette ZY, Jabbar KJ, Shen Q, Manyam GC, 
Tzankov A, Visco C, Wang J, Montes-Moreno S, Dybkaer 
K, Tam W, Bhagat G, Hsi ED, et al. AKT Hyperactivation 
and the Potential of AKT-Targeted Therapy in Diffuse 
Large B-Cell Lymphoma. Am J Pathol. 2017; 187:1700–16. 
https://doi.org/10.1016/j.ajpath.2017.04.009.
24. Goldman S, Smith L, Anderson JR, Perkins S, Harrison L, 
Geyer MB, Gross TG, Weinstein H, Bergeron S, Shiramizu 
B, Sanger W, Barth M, Zhi J, et al. Rituximab and FAB/
LMB 96 chemotherapy in children with Stage III/IV B-cell 
non-Hodgkin lymphoma: a Children’s Oncology Group 
report. Leukemia. 2013; 27:1174–7. https://doi.org/10.1038/
leu.2012.255.
25. Goldman S, Smith L, Galardy P, Perkins SL, Frazer JK, 
Sanger W, Anderson JR, Gross TG, Weinstein H, Harrison 
L, Shiramizu B, Barth M, Cairo MS. Rituximab with 
chemotherapy in children and adolescents with central 
nervous system and/or bone marrow-positive Burkitt 
lymphoma/leukaemia: a Children’s Oncology Group 
Report. Br J Haematol. 2014; 167:394–401. https://doi.
org/10.1111/bjh.13040.
26. Barth MJ, Chu Y, Hanley PJ, Cairo MS. Immunotherapeutic 
approaches for the treatment of childhood, adolescent and 
young adult non-Hodgkin lymphoma. Br J Haematol. 2016; 
173:597–616. https://doi.org/10.1111/bjh.14078.
27. Poirel HA, Cairo MS, Heerema NA, Swansbury J, Auperin 
A, Launay E, Sanger WG, Talley P, Perkins SL, Raphael 
M, McCarthy K, Sposto R, Gerrard M, et al. Specific 
cytogenetic abnormalities are associated with a significantly 
inferior outcome in children and adolescents with mature 
B-cell non-Hodgkin’s lymphoma: results of the FAB/LMB 
96 international study. Leukemia. 2009; 23:323–31. https://
doi.org/10.1038/leu.2008.312.
28. Brown JR, Byrd JC, Coutre SE, Benson DM, Flinn IW, 
Wagner-Johnston ND, Spurgeon SE, Kahl BS, Bello C, 
Webb HK, Johnson DM, Peterman S, Li D, et al. Idelalisib, 
an inhibitor of phosphatidylinositol 3-kinase p110δ, 
for relapsed/refractory chronic lymphocytic leukemia. 
Blood. 2014; 123:3390–7. https://doi.org/10.1182/
blood-2013-11-535047.
29. Jin F, Gao Y, Zhou H, Fang L, Li X, Ramanathan S. 
Population pharmacokinetic modeling of idelalisib, a 
novel PI3Kdelta inhibitor, in healthy subjects and patients 
with hematologic malignancies. Cancer Chemother 
Pharmacol. 2016; 77:89–98. https://doi.org/10.1007/
s00280-015-2891-8.
30. Suzuki E, Umezawa K, Bonavida B. Rituximab inhibits the 
constitutively activated PI3K-Akt pathway in B-NHL cell 
lines: involvement in chemosensitization to drug-induced 
apoptosis. Oncogene. 2007; 26:6184–93. https://doi.
org/10.1038/sj.onc.1210448.
31. Spender LC, Inman GJ. Phosphoinositide 3-kinase/AKT/
mTORC1/2 signaling determines sensitivity of Burkitt’s 
lymphoma cells to BH3 mimetics. Mol Cancer Res. 
2012; 10:347–59. https://doi.org/10.1158/1541-7786.
MCR-11-0394.
32. Ma Y, Zhang P, Gao Y, Fan H, Zhang M, Wu J. Evaluation 
of AKT phosphorylation and PTEN loss and their 
correlation with the resistance of rituximab in DLBCL. Int 
J Clin Exp Pathol. 2015; 8:14875–84. 
33. Choudhary GS, Al-Harbi S, Mazumder S, Hill BT, Smith 
MR, Bodo J, Hsi ED, Almasan A. MCL-1 and BCL-xL-
dependent resistance to the BCL-2 inhibitor ABT-199 can 
be overcome by preventing PI3K/AKT/mTOR activation 
in lymphoid malignancies. Cell Death Dis. 2015; 6:e1593. 
https://doi.org/10.1038/cddis.2014.525.
34. Lee JS, Tang SS, Ortiz V, Vo TT, Fruman DA. MCL-1-
independent mechanisms of synergy between dual PI3K/
mTOR and BCL-2 inhibition in diffuse large B cell 
lymphoma. Oncotarget. 2015; 6:35202–17. https://doi.
org/10.18632/oncotarget.6051.
35. Giulino-Roth L, van Besien HJ, Dalton T, Totonchy JE, 
Rodina A, Taldone T, Bolaender A, Erdjument-Bromage 
H, Sadek J, Chadburn A, Barth MJ, Dela Cruz FS, Rainey 
A, et al. Inhibition of Hsp90 Suppresses PI3K/AKT/
mTOR Signaling and Has Antitumor Activity in Burkitt 
Lymphoma. Mol Cancer Ther. 2017; 16:1779–90. https://
doi.org/10.1158/1535-7163.MCT-16-0848.
36. Ferreira AC, Robaina MC, Rezende LM, Severino P, Klumb 
CE. Histone deacetylase inhibitor prevents cell growth in 
Burkitt’s lymphoma by regulating PI3K/Akt pathways and 
leads to upregulation of miR-143, miR-145, and miR-101. 
Oncotarget21830www.oncotarget.com
Ann Hematol. 2014; 93:983–93. https://doi.org/10.1007/
s00277-014-2021-4.
37. Ferreira AC, de-Freitas-Junior JC, Morgado-Diaz JA, Ridley 
AJ, Klumb CE. Dual inhibition of histone deacetylases and 
phosphoinositide 3-kinases: effects on Burkitt lymphoma 
cell growth and migration. J Leukoc Biol. 2016; 99:569–78. 
https://doi.org/10.1189/jlb.2A0415-162R.
38. Rahmani M, Aust MM, Benson EC, Wallace L, Friedberg 
J, Grant S. PI3K/mTOR inhibition markedly potentiates 
HDAC inhibitor activity in NHL cells through BIM- 
and MCL-1-dependent mechanisms in vitro and in 
vivo. Clin Cancer Res. 2014; 20:4849–60. https://doi.
org/10.1158/1078-0432.CCR-14-0034.
39. Patnaik A, Appleman LJ, Tolcher AW, Papadopoulos KP, 
Beeram M, Rasco DW, Weiss GJ, Sachdev JC, Chadha 
M, Fulk M, Ejadi S, Mountz JM, Lotze MT, et al. First-
in-human phase I study of copanlisib (BAY 80-6946), 
an intravenous pan-class I phosphatidylinositol 3-kinase 
inhibitor, in patients with advanced solid tumors and non-
Hodgkin’s lymphomas. Ann Oncol. 2016; 27:1928–40. 
https://doi.org/10.1093/annonc/mdw282.
40. Awan FT, Gore L, Gao L, Sharma J, Lager J, Costa LJ. 
Phase Ib trial of the PI3K/mTOR inhibitor voxtalisib 
(SAR245409) in combination with chemoimmunotherapy 
in patients with relapsed or refractory B-cell malignancies. 
Br J Haematol. 2016; 175:55–65. https://doi.org/10.1111/
bjh.14181.
41. Ghobrial IM, Siegel DS, Vij R, Berdeja JG, Richardson 
PG, Neuwirth R, Patel CG, Zohren F, Wolf JL. TAK-228 
(formerly MLN0128), an investigational oral dual TORC1/2 
inhibitor: A phase I dose escalation study in patients with 
relapsed or refractory multiple myeloma, non-Hodgkin 
lymphoma, or Waldenstrom’s macroglobulinemia. Am 
J Hematol. 2016; 91:400–5. https://doi.org/10.1002/
ajh.24300.
42. Chen D, Mao C, Zhou Y, Su Y, Liu S, Qi WQ. PF-04691502, 
a dual PI3K/mTOR inhibitor has potent pre-clinical activity 
by inducing apoptosis and G1 cell cycle arrest in aggressive 
B-cell non-Hodgkin lymphomas. Int J Oncol. 2016; 48:253–
60. https://doi.org/10.3892/ijo.2015.3231.
43. Li C, Xin P, Xiao H, Zheng Y, Huang Y, Zhu X. The 
dual PI3K/mTOR inhibitor NVP-BEZ235 inhibits 
proliferation and induces apoptosis of burkitt lymphoma 
cells. Cancer Cell Int. 2015; 15:65. https://doi.org/10.1186/
s12935-015-0213-1.
44. Cheson BD. Speed bumps on the road to a chemotherapy-
free world for lymphoma patients. Blood. 2016; 128:325–30. 
https://doi.org/10.1182/blood-2016-04-709477.
45. Coutré SE, Barrientos JC, Brown JR, de Vos S, Furman 
RR, Keating MJ, Li D, O’Brien SM, Pagel JM, Poleski 
MH, Sharman JP, Yao NS, Zelenetz AD. Management of 
adverse events associated with idelalisib treatment: expert 
panel opinion. Leukemia & Lymphoma. 2015; 56:2779–86. 
https://doi.org/10.3109/10428194.2015.1022770.
46. Czuczman MS, Olejniczak S, Gowda A, Kotowski 
A, Binder A, Kaur H, Knight J, Starostik P, Deans J, 
Hernandez-Ilizaliturri FJ. Acquirement of rituximab 
resistance in lymphoma cell lines is associated with 
both global CD20 gene and protein down-regulation 
regulated at the pretranscriptional and posttranscriptional 
levels. Clin Cancer Res. 2008; 14:1561–70. https://doi.
org/10.1158/1078-0432.CCR-07-1254.
47. Olejniczak SH, Hernandez-Ilizaliturri FJ, Clements 
JL, Czuczman MS. Acquired resistance to rituximab is 
associated with chemotherapy resistance resulting from 
decreased Bax and Bak expression. Clin Cancer Res. 
2008; 14:1550–60. https://doi.org/10.1158/1078-0432.
CCR-07-1255.
48. Rolland D, Basrur V, Conlon K, Wolfe T, Fermin D, 
Nesvizhskii AI, Lim MS, Elenitoba-Johnson KS. Global 
phosphoproteomic profiling reveals distinct signatures 
in B-cell non-Hodgkin lymphomas. Am J Pathol. 2014; 
184:1331–42. https://doi.org/10.1016/j.ajpath.2014.01.036.
49. Mauriat M, Leple JC, Claverol S, Bartholome J, Negroni L, 
Richet N, Lalanne C, Bonneu M, Coutand C, Plomion C. 
Quantitative Proteomic and Phosphoproteomic Approaches 
for Deciphering the Signaling Pathway for Tension Wood 
Formation in Poplar. J Proteome Res. 2015; 14:3188–203. 
https://doi.org/10.1021/acs.jproteome.5b00140.
